This chapter reviews the thermal stability of ultra-fine grained (UFG) microstructure in selected magnesium and titanium-based materials prepared by severe plastic deformation (SPD). The focus is on the wide palette of experimental methods applicable for investigation of microstructural stability. These methods include scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), microhardness measurement, positron annihilation spectroscopy (PAS), and electrical resistance measurement. Microstructural stability of UFG commercially pure (CP) Ti and Ti-6Al-7Nb alloy produced by equalchannel angular pressing (ECAP) is studied ex situ after annealing by SEM, by microhardness measurements, and in situ during heating, by high precision electrical resistance measurements. Both materials show stable UFG structure up to 440°C. Further annealing causes recovery and recrystallization of the microstructure. At 650°C, the microstructure is completely recrystallized. Magnesium alloy AZ31 is prepared by hot extrusion followed by ECAP. UFG microstructure recovers and continuously recrystallizes during annealing. The microstructure of UFG AZ31 alloy is stable up to 170°C and subsequent grain growth is analyzed. Special attention is paid to interpret the activation energy of the grain growth. The superplastic properties of UFG AZ31 alloy are investigated in the temperature range of 170-250°C.
Introduction
Lightweight metallic (especially titanium and magnesium) materials are extensively used in transport industry and in cutting-edge applications such as manufacturing of medical implants and devices. Ultra-fine grained (UFG) counterparts are still materials of the future, though the first commercial applications are emerging. In some applications, the employed materials are exposed to elevated temperatures either during service or during products manufacturing. Mechanical properties enhancement of materials prepared by severe plastic deformation (SPD) might be reduced due to recovery and recrystallization of the UFG microstructure at higher temperatures.
Magnesium alloys belong to materials with potential to replace aluminum or some other conventional structural materials in automotive, aircraft, and other industry branches. Magnesium and its alloys are light metals with relatively good mechanical properties which provide expanding potential in weight-critical applications. Interest in magnesium-based metals has recently been revived primarily due to their gradually decreasing costs and the effort of scientists, researchers, and engineers to cut down energy consumption and greenhouse gas emissions [1] .
Utilization of titanium and titanium alloys for load-bearing orthopedic implants of big joints and for dental implants still increases [2] [3] [4] . Advantages of these materials include extreme corrosion resistance, sufficient biocompatibility, moderate elastic modulus, etc. [5] . A material with enhanced strength is required to reduce the size of the load-bearing orthopedic and dental implants. Vast majority of high-strength β-Ti alloys developed for an aircraft industry are not utilizable in biomedicine because of high content of toxic elements, such as vanadium [6, 7] .
Ti-6Al-7Nb alloy was developed as a biocompatible alternative to the most used Ti-6Al-4V alloy. It belongs to α+β alloys which contain both α and β phases at ambient temperature. The β-transus temperature of this alloy is 1010°C [8] . UFG microstructure of the studied alloy has been already investigated in Ref. [9] , and superior mechanical properties of UFG material were reported [10] .
Promising possibility for strength and fatigue performance improvements is the manufacturing of materials with sub-micrometer or even nanoscale grain sizes using SPD techniques [11, 12] . These methods are very efficient in achieving significant grain refinement in polycrystalline materials. UFG materials have usually excellent mechanical properties including high strength and, if the UFG microstructure is sufficiently stable, a superplastic capability at elevated temperatures [11, 13] . Nowadays, the most attractive SPD techniques are equalchannel angular pressing (ECAP) [14] or combined process of extrusion followed by ECAP (EX-ECAP) [15] , high-pressure torsion (HPT) [16] , and accumulative roll-bonding [17] . In practice, ECAP or EX-ECAP processes are especially useful because of their simplicity in laboratory operation. Moreover, these techniques can produce relatively large billets for industrial applications [18] . There are several reports to date of the successful processing of magnesium and titanium materials using ECAP at elevated temperatures by employing different processing procedures [19] [20] [21] [22] [23] [24] [25] [26] .
The practical applications of the UFG AZ31 magnesium alloy are limited due to a low microstructure stability at elevated temperatures that complicates the processing of final products in industry. Thermal stability depends on many variables, such as stacking fault energy of the material, processing or volume fraction of grain boundaries, and their properties [27] . Microstructure stability at elevated temperature can be improved by various alloying elements or composite reinforcements. Microstructure stability of the AZ31 magnesium alloy after ECAP was studied by Kim [28] or Radi and Mahmudi [29] , who investigated the AZ31 alloy reinforced by alumina nanoparticles. Both papers present calculations of grain growth activation energies which identified two or three temperature regimes with significantly different values of activation energy.
The main objective of this work is the investigation of microstructure stability during annealing of the UFG materials, in particular of the AZ31 magnesium alloy, commercially pure titanium (CP Ti) and Ti-6Al-7Nb alloy prepared by ECAP.
Materials and methods
As cast commercial AZ31 magnesium alloy (nominal composition of Mg-3%Al-1%Zn) was extruded at 350°C with an extrusion ratio of 22; subsequently, it was processed by four passes of ECAP. ECAP pressing was performed at 180°C with the velocity of 50 mm/min following route B C , i.e. rotating the sample by 90° between the individual passes. The angle between two intersecting channels and the corner angle were Ф = 90° and Ψ = 0°, respectively. Both channels had a square cross section of 10 × 10 mm. The ECAP die was equipped with an ejector that allows pushing the sample out of the die immediately after pressing from the feed-in channel to the exit channel.
Flat squared specimens were cut from the middle part of the billets perpendicular to the pressing direction. Results of the microstructural observations and microhardness measurements on planes parallel to the pressing direction are very similar to those from the perpendicular plane [30] and were not addressed in this work.
CP Ti Grade 4 [31] was processed by ECAP through die with the round channel having the diameter of 15 mm. The channel angle was Ф = 105° and the corner angle Ψ = 20°. The temperature of the die during pressing was 300°C. The billets were pressed six times (six passes) following the route B C at a constant ram speed of 60 mm/min. A detailed study of the ECAP processing of CP Ti can be found in Ref. [32] . Benchmark coarse grained material was prepared by annealing of the as-received material at 800°C for 2 h followed by slow cooling in furnace.
Ti-6Al-7Nb alloy was prepared by multi-step thermal sequence before processing by ECAP. The thermal treatment consisted of two subsequent annealing steps. The first annealing was at 985°C (a temperature just below β-transus) for 1 h and the second annealing at 780°C for 4 h. Each thermal treatment was followed by water quenching. The annealed material possesses a common "duplex" structure, which consists of 18 vol.% of primary α-phase [31] . Such microstructural condition allowed the successful material processing by ECAP. The ECAP die with round channel with the diameter of 20 mm and angles of Φ = 120° and Ψ = 0° was used for processing. The samples were pressed six times (six passes) at the temperature of 600°C. Subsequently, extrusion to 10 mm at 300°C was applied. Finally, the material was aged at 500°C for 1 h to achieve the maximum strength level. More details about material and its processing can be found in Ref. [33] . Benchmark coarse grained material underwent the same thermal treatment including the annealing steps simulating the thermal history during ECAP and extrusion.
The samples of CP Ti and Ti-6Al-7Nb alloys were heated up to the three temperatures specified by in-situ electrical resistance measurements (described in detail below) and subsequently water quenched.
Specimens of AZ31 magnesium alloy for thermal stability investigation were prepared by isochronal annealing for 1 hour at the temperatures ranging from 150 to 500°C followed by water quenching. Specimens of AZ31 magnesium alloy were mechanically grinded on watered abrasive papers and then polished with polishing diamond suspensions of grade 3, 1 and ¼ µm. Flat samples for Vickers microhardness measurements (load 100 g, 10 s) with minimum surface scratches were obtained by this method. Finally, the specimen's surface was polished by argon ions (Gatan PIPS TM ), which guaranteed successful electron backscatter diffraction (EBSD) measurements. CP Ti and Ti-6Al-7Nb alloy were prepared by mechanical grinding and polishing using watered abrasive papers followed by three-step vibratory polishing. The polished samples were prepared for microhardness (load 500 g, 10 s) and SEM measurement.
For in-situ measurement of electrical resistance evolution during heating, a precise self-made apparatus utilizing a common four-point method was employed. The electrical current and voltage were measured simultaneously. The samples were placed in a specially designed furnace which allows precise heating of the sample in a protective argon atmosphere. The relative error of such measurement is lower than 10 −4 , and the experimental values are acquired with the frequency of 2 Hz [34] . The dynamics of microstructural changes can be assessed from these measurements. The electrical resistance was measured during heating with the constant rate of 5°C/min up to 700 and 800°C for CP Ti and Ti-6Al-7Nb alloy, respectively. UFG conditions of both materials were investigated along with their annealed coarse grained (non-deformed) counterparts. The samples for these measurements require special design maximizing their effective length.
Microhardness of AZ31 alloy and CP Ti was measured by LECOM-400-A microhardness tester. For Ti-6Al-7Nb alloy, a QNESS A10+ microhardness tester was employed with automatic indentation and evaluation using the QPix Control Program. FEI Quanta 200 FX scanning electron microscope equipped with EDAX EBSD camera and OIM software was utilized for EBSD and microstructure observations. Flat specimens of AZ31 magnesium alloy for tensile tests were machined and cut from ECAPed billets parallel to extrusion direction. The continuous measurements of m-parameter were performed on six samples from a single ECAPed billet. The gauge length was 16 mm, and the thickness and width were approximately 1 and 4 mm, respectively. Tensile tests were performed using a screw-driven Instron 5882 machine at 175, 200, and 250°C. Computeroperated machine allows arbitrary control of cross-bar movement.
Atomic force microscopy (AFM) observations were performed to study the deformation mechanism. The tensile samples were carefully polished on grinding papers and using diamond pastes (3, 1, and ¼ µm) before the tensile test. The samples after deformation were observed using Bruker Dimension Edge AFM.
Results

3.1.
In-situ electrical resistance measurements of CP Ti and Ti-6Al-7Nb alloy Temperature dependence of electrical resistance of CP Ti after ECAP and of the annealed coarse grained material is shown in Figure 1(a) . The relative resistance R(T)/R 0 , where R(T) is the resistance measured as the function of temperature T and R 0 is the resistance at room temperature, is plotted at the vertical axis. During heating up to 700°C, the resistance increases almost three times. Initially, the resistance increases linearly, whereas above 300°C, the evolution with temperature becomes concave. Small difference between annealed and ECAPed samples is observed. The first and the second derivatives of relative resistance with respect to temperature, computed numerically, are shown in Figure 1 (b) and 1(c), respectively. In Figure 1 (b), both curves behave in a similar manner with two small deviations for ECAPed specimen at about 500 and 600°C. Those deviations appear as well observable peaks in the plot of the second derivative, which is plotted in Figure 1(c) . Assuming that these peaks correspond to undergoing microstructural changes, the temperatures of 440, 520, and 640°C were chosen for subsequent annealing and ex-situ observations of microstructure. All other peaks in the second derivative graph appear in both curves and therefore they do not represent differences caused by different initial microstructure. Figure 2 shows the results of the resistance measurements of Ti-6Al-7Nb alloy that are presented in the similar way as for CP Ti. Figure 2 (a) shows the temperature dependence of the relative resistance for the UFG Ti-6Al-7Nb alloy after ECAP and in the as-rolled condition. The relative resistance increases only by approximately 10%, in contrast to the CP Ti. The difference of the ECAP and as-rolled condition is therefore relatively more pronounced in Figure 2 (a). The overall course of both curves is concaved up to 650°C, and for higher temperatures, the electrical resistance even declines. Figure 2 (b) shows the first derivative of electric resistance with respect to the temperature with two distinct peaks around 500 and 650°C for the ECAPed material. The differences between the two conditions are 
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accentuated by plotting the second derivative of the electrical resistance as displayed in Figure 2 (c). The temperatures of 440, 550, and 660°C were selected for the microstructure observations using SEM.
Mechanical properties
The microhardness of the UFG materials after the SPD processing (HV0.1 AZ31 = 86, HV0.5 CPTi = 274, and HV0.5 Ti67 = 369) is significantly higher than that of the annealed conditions (HV0.1 AZ31 = 58, HV0.5 CPTi = 215, and HV0.5 Ti67 = 283) [31, 35, 36] . Figure 3 depicts the microhardness dependence on the annealing temperature for each sample.
Microhardness values of the AZ31 alloy after annealing at 150 and 170°C do not differ significantly. However, the microhardness of the AZ31 declines abruptly in the temperature range of 170-230°C and then continues to decrease up to 500°C.
The values of microhardness of CP Ti remain nearly constant (HV0.5 ≈ 280) up to the aging temperature of 450°C and then decrease rapidly approaching values of annealed material at 700°C (HV0.5 annealed = 215).
The annealed sample of Ti-6Al-7Nb exhibits the microhardness of HV0.5 annealed = 283. The microhardness of ECAPed specimen increases up to (HV0.5 ≈ 370) and remains almost constant after heating to 440 and 550°C. Only heating to the highest temperature (660°C) results in a slight decrease of HV. However, the decrease of HV is much lower than in other investigated materials. Thermal Stability of Ultra-Fine Grained Microstructure in Mg and Ti Alloys http://dx.doi.org/10.5772/intechopen.68956
Microstructure
Microstructure changes and dislocation density evolution of UFG AZ31 alloy during heating
The microstructure of AZ31 magnesium alloy after extrusion (not shown here) is bimodal containing large grains elongated in the extrusion direction (≈10 µm) and smaller grains (≈1 µm) [36] .
UFG microstructure of the specimen in the initial non-annealed condition (after extrusion and four passes of ECAP) is shown in Figure 4 (a). The microstructure is homogeneous comprising fine grains of the average size of 0.9 µm. The microstructure and average grain sizes of the samples after 1 h of isochronal annealing at 150 and 170°C (not shown here) are similar to the initial non-annealed specimen.
Inhomogeneous grain growth is observed at higher annealing temperatures (Figure 4(b)-(f)).
Some grains start to grow at annealing temperatures of 190 and 210°C (the microstructure of the sample after annealing at 210°C is similar to that of 190°C and is not shown here).
The fraction of coarse grains increases with increasing annealing temperature. At annealing temperature of 250°C, some areas with original fine grains are still observed. However, the small grains (≈1 µm) are continuously disappearing at higher annealing temperatures, and nearly no small grains are observed after annealing at 400°C (see Figure 4 (e)). Please note that the magnification of the EBSD image in Figure 4 (e) is two times smaller than the magnification of the previous EBSD images. Microstructure of the specimens annealed at 500°C was observed by light microscope (see Figure 4(f) ).
The dependence of average grain sizes (number average) on annealing temperatures is plotted in Figure 5(a) . In specimens annealed at 250 and 300°C, the average values are calculated from the bimodal grain size distribution. The dependence of the average grain sizes and microhardness values on annealing temperature is summarized in Table 1 .
Annealing twins observed after annealing at 250-400°C (see Figure 4 (c)-(e)) were excluded from grain size calculations to achieve the true grain size values. All these twins were identified as the tensile twins with the misorientation angle of 86° [37] .
The plastic shear deformation by extrusion and ECAP causes the accumulation of large plastic strain and the increase of density of structural defects. These defects are stable at room temperature, but they annihilate relatively easily during annealing.
The dependence of the mean dislocation density ρ D measured by positron annihilation spectroscopy (PAS) for the samples subjected to annealing treatment at various temperatures is shown in Figure 5 (b). Dislocation density decreases with increasing annealing temperature and falls below the detection limit of PAS at annealing temperatures T ≥ 300°C.
Microstructure changes of UFG CP Ti and Ti-6Al-7Nb alloy during heating
Microstructure changes in the UFG CP Ti and Ti-6Al-7Nb after ECAP occurring during linear heating were investigated ex situ by SEM. Samples in conditions corresponding to linear heating to the temperatures selected from in-situ electrical resistance measurements were observed (440, 520, and 640°C for CP Ti; 440, 550, and 660°C for Ti-6Al-7Nb alloy). Figure 6 shows the microstructure of CP Ti, while in Figure 6 (a), the UFG microstructure of material after ECAP is displayed. White dots in the SEM micrograph are β-Ti particles formed due to contamination by iron, which is typical for CP Ti. High Fe content in these particles was proved by energy dispersive X-ray spectroscopy. The microstructure of the material is typical heavily deformed containing grains with the average size around 1 µm [11, 38] . No significant differences of the microstructure were observed in the sample annealed up to 440°C (see Figure 6(b) ). On the other hand, the microstructure of the sample annealed to 520°C differs considerably as can be seen in Figure 6 (c). The grains are much clearer, which suggests that Severe Plastic Deformation Techniques 154 some recovery process, probably annihilation of dislocations, was undergoing during heating between 440 and 520°C. Grain size also slightly increased. The dark spots in the micrograph are probably artifacts caused by polishing. The microstructure of the specimen heated up to 640°C is shown in Figure 6(d) . Material is completely recrystallized with grains of the average size of approximately 5 µm. Figure 7 shows the microstructure of UFG Ti-6Al-7Nb alloy after ECAP and subsequent heating. The material after ECAP, as shown in Figure 7(a) , has the typical duplex microstructure consisting of approximately 20% of heavily deformed primary α-phase and significantly fragmented α + β region, which contains slightly elongated β-phase particles appearing white in the micrograph due to chemical contrast. The microstructure of ECAPed specimen subsequently heated up to 440°C as shown in Figure 7(b) . There are no observable changes in the microstructure as compared to the ECAPed specimen. cation-free grains. Also β-phase particles are slightly globularized. Finally, in Figure 7(d) , the microstructure of the specimen annealed up to 660°C is shown. The microstructure is partly recrystallized with grains >1 µm in the originally heavily fragmented α + β region. White β-phase particles are significantly bigger and more globular.
Superplastic behavior of AZ31
Methodology of superplastic behavior determination
Two types of tests for strain-rate sensitivity determination were performed. Firstly, standard strain-rate changes tests were carried out to determine the m-parameter for a wide range of strain rates at selected temperature. True strain rate was increased in a step-wise manner from 5 × 10 . The actual true strain rate was changed every 120 s (i.e. after ε ≈ 1.2% ) during the experiment. Note that the overall cross-bar speed exponentially increased to maintain the selected two true strain rates. Therefore, the overall true strain is proportional to the time (ε = 100 % ~ t = 3h ) . The methodology of continuous measurement of m-parameter during the tensile test is described in detail in our recently published paper [39] .
Due to the strain rate sensitivity of the material and alternating strain, the resulting flow curve (thin curve in Figure 8 for sample deformed at 200°C) has a saw-like character.
Local maxima of the alternating flow-curve were joined by a smooth curve regarded to as the "upper fit" which represents the approximate flow-curve at the higher strain rate σ 2 (ε), whereas the interpolation of local minima, the "lower fit", estimates the flow-curve at the lower strain rate σ 1 (ε). As a result, the continuous evolution of m-parameter with strain can be calculated as:
.
Note that the denominator in Eq. (1) depends only on the selected true strain rates and is constant.
Results: superplastic behavior of UFG AZ31 alloy
The evolution of m-parameter with strain rate is depicted in Figure 9 for testing temperatures of 175, 200, and 250°C. Material exhibits the superplastic behavior (m > 0.5) at all studied temperatures and strain rates up to 10 −4 s and temperatures of 175, 200, and 250°C were selected for further testing employing alternating strain rate, as described in the previous section. Two samples per condition were tested. Figure 10 shows the measured true stresstrue strain flow curves. Both measured flow curves for each condition are shown to assess the reproducibility of the experiment. All flow curves exhibit significant strain hardening, which is followed by moderate softening. In the final stage of deformation, observed softening is much more pronounced and the strain rate sensitivity decreases, which suggests that the specimen undergoes the strain localization. As expected, the highest stress is achieved at the lowest testing temperature of 175°C. However, the samples tested at 175°C exhibited surprisingly the highest elongation to fracture ≈ 380% (true strain ε ≈ 157%). The flow curves for 200°C, and especially 250°C, reached the lower maximum true stress, which was also achieved at lower true strain. Shorter range of strain hardening seems to be responsible for lower achieved total elongation, especially in samples deformed at 250°C.
The m-parameter evolution m(ε) calculated from Eq. (1) for all investigated samples is depicted in Figure 11 [39] . In the beginning of test, the m-parameter reaches 0.5 and then decreases with increasing true strain to values slightly above 0.3. The m-parameter for samples deformed at 250°C is lower in the initial stage of the deformation, while the m-parameter for samples deformed at 200°C is the highest at the true strain ε > 1. Final sharp decrease of m-parameter is associated with necking.
Achieved elongation and m-parameter values suggest superplastic deformation mediated by grain boundary sliding. If a sample with polished smooth surface is deformed in superplastic regime by grain boundary sliding, individual grains can be observed on surface using atomic force microscopy (AFM) [40] [41] [42] . Tensile sample deformed at 150°C with the constant strain rate of 10
which achieved elongation of 315% was used for AFM measurement. True stress-true strain curves for six tested samples. Measured flow curve for alternating strain rates (thin curve) and flow curves interpolated through local maxima and minima (thick smooth curves).
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Discussion
AZ31 magnesium alloy
Correlation between mechanical properties, dislocation density, and microstructure
Microhardness measurements (cf. Figure 3) indicate that UFG microstructure of AZ31 magnesium alloy is stable up to 170°C. After annealing at temperatures higher than 190°C, a sharp drop of microhardness occurred. A detailed inspection of the temperature dependence of the microhardness (cf. Figure 3) indicates a two-step character of the microhardness decline. In the lower annealing temperature range (170-210°C), the decline is significantly sharper, while for higher annealing temperatures (T > 210°C), the slope of the curve is much lower.
This two-step character of the curve suggests a change of the mechanism controlling mechanical properties. The strength and microhardness of severely deformed UFG materials are affected mainly by the dislocation density [43] and the grain size according to the Hall-Petch relation [44, 45] . Therefore, the grain coarsening and the dislocation annihilation during annealing are expected to control the material strength and microhardness. Figure 5(a) shows the grain sizes evolution, which could be correlated with dislocation density evolution with annealing temperature shown in Figure 5(b) . In the low temperature region of the microhardness drop (T ≈ 170-210°C), the grain growth is relatively negligible (see Table 1 ), whereas the dislocation density gradually declines indicating a recovery of dislocation structure. Most probably rearrangement and mutual annihilation of dislocations with opposite signs take place during annealing in this lower temperature range (T < 210°C). As seen in Figure 4 (b) and (c), the fine grain structure becomes unstable and significant grain growth is observed at temperatures T > 210°C. In this temperature range, the dislocation density is very low, falling below the detection limit of PAS (ρ D ≈ 10 12 m −2
) at T ≈ 300°C [36] .
From microstructure observation (using EBSD) and lattice defect density determination (using PAS), one can conclude that in the lower annealing temperature region (T ≈ 180-210°C), it is mostly the annihilation of dislocations which causes the drop of microhardness. At higher annealing temperatures (T > 210°C), probably the grain growth influences significantly the hardness of AZ31 magnesium alloy.
Grain growth analysis
The determination of grain size in UFG material allows analyzing the mechanisms of grain growth during annealing. Two microstructural aspects may be determined:
(a) The activation energy of grain growth
The grain growth mechanism during static annealing can be assessed from calculated activation energy of grain growth. For this analysis, we can use the general equation of the grain growth
where d is the grain size after given annealing time, d 0 is the initial grain size, n is the grain growth exponent, t is the annealing time, and k is a temperature-dependent constant which can be described by Arrhenius equation:
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The value of the stress exponent n is of significant importance. In the ideal case (defect-free infinite crystal), the grain growth exponent n should be equal to 2. However, higher values of n are very often found, which can be attributed to various factors affecting grain growth kinetics, such as the effect of free surface, texture, impurity-drag, dislocation substructure, and microstructure heterogeneities [46] . Several studies [47] [48] [49] reported a value of n in a range from 2 to 8 for various magnesium alloys and magnesium-based composites. Higher values of n (n ≥ 5) were observed mainly in UFG magnesium materials produced by mechanical alloying [48, 49] . The value of grain growth exponent n observed in ultra-fine grained magnesium alloy AZ31 produced by various techniques of severe plastic deformation ranges between 2 and 4 [47, 50, 51] . The AZ31 alloy processed similarly as the investigated material (ECAP without previous hot extrusion, where the average grain size after 4 passes was equal to 2.5 µm) was studied by Kim [28] and Kim and Kim [47] . The grain growth exponent n used in their calculations was equal to 2. We use the same value of n, which will allow us to make a direct comparison with the results of Kim and Kim [47] .
Considering isothermal annealing and substituting Eq. (3) into Eq. (2), one can determine the activation energy Q as the slope of the dependence of ln(d
which is shown in Figure 13 for the investigated AZ31 alloy. Three temperature ranges with different Q values can be distinguished. The calculated values of activation energy of grain growth are 115, 33, and 164 kJ/mol in the temperature ranges 170-210, 210-400, and 400-500°C (443-483, 483-573, and 573-673 K), respectively. These three temperature ranges with different Q values were observed in other fine-grained AZ31 alloys in various conditions, and the respective temperature ranges are very similar with our temperature ranges [39, 47] .
In the low temperature range (T< 483 K, <210°C), the activation energy is relatively highhigher than the activation energy of grain boundary diffusion in pure magnesium (92 kJ/mol [52] ), but, on the other hand, much lower than the activation energy of lattice self-diffusion (135 kJ/mol [53] ). Considering a well-known fact that the activation energy of alloys should be higher than the activation energy of pure metals, the diffusion mechanism can be attributed to the grain boundary diffusion, which might be further affected by dislocations. In this temperature range, the dislocation density within the grains decreases with increasing temperature, but it remains relatively high.
In the high temperature range (T > 673 K, > 400°C), the activation energy Q is equal to 164 kJ/mol, which is higher than lattice self-diffusion in pure magnesium (135 kJ/mol [53] ). The lattice self-diffusion is activated, and the grain growth leads eventually to fully-recrystallized structure.
In the intermediate temperature range, the value of Q is abnormally low. Similarly, low value of Q was reported by Wang et al. [54] in the ECAPed Al-Mg alloy annealed at the temperatures T ≤ 275°C. The authors attribute the extremely low value of Q to the nonrecrystallized microstructure with a certain fraction of non-equilibrium grain boundaries. This conclusion is consistent with the concept of reduced activation energy of grain boundary diffusion in UFG materials produced by SPD caused by the ability of the non-equilibrium grain boundaries to provide enhanced atomic mobility [55, 56] . The AZ31 alloy after extrusion and 1 pass of ECAP contains a significant number of non-equilibrium grain boundaries. However, the fraction of non-equilibrium grain boundaries decreases with increasing number of ECAP passes so that nearly no such grain boundaries are observed in more deformed AZ31 alloy [57] .
It is shown in Kim and Kim [47] and supported by our results that the low fitted value of apparent activation energy in the intermediate temperature range 210-400°C cannot be substantiated. It is argued in [47] that the mechanism of diffusion that is the driving force for grain growth is continuously changing due to recovery processes and therefore the Arrhenius equation (Eq. (1)) is not valid. Detail computation provided in Ref. [58] shows that if true activation energy of the process responsible for the grain growth continuously rises from the activation energy of grain boundary diffusion (115 kJ/mol) to the activation energy of lattice self-diffusion (164 kJ/mol), then the (wrong) fitting by a single Arrhenius equation indeed results in very low (and physically meaningless) estimate of apparent activation energy (33 kJ/mol). Based on a simple model assuming continuous increase of activation energy [58] , it can be concluded that the dominant diffusion process is the grain boundary diffusion up to 210°C, while the lattice self-diffusion is dominant from 400°C. In the intermediate region, the effect of grain boundary diffusion decreases due to undergoing grain growth.
(b) Hall-Petch relation
EBSD analysis allows us to determine the validity of the Hall-Petch relation for isochronally annealed UFG AZ31 alloy in the temperature range up to 400°C. For this analysis, the Hall-Petch relation yields
where HV is the measured value of microhardness and H 0 and K H are material constants.
The dependence of HV on d determined from Figures 3 and 5 , respectively, is plotted in Figure 14 .
The constants H 0 and K H may be calculated from the parameters of a linear fit depicted also in Figure 14 . The best fit was applied only to data corresponding to higher annealing temperatures (from 250 to 500°C) since in this temperature range, only the grain size affects the material hardness as the dislocation density is low (cf. ) [59] , but different from those reported on the UFG AZ31 alloy reported by Kim and Kim [47] (H 0 = 38, K H = 42). It might be argued that the constants in Ref. [47] were calculated from the linear fit of the whole temperature range because the changes of dislocation densities were not taken into account. It results in underestimating and overestimating of H 0 and K H constants, respectively, in comparison with our calculated values. Our value of the constant H 0 is closer to the microhardness value of the AZ31 in annealed condition (HV0.1 = 58 ± 3, see Ref. [60] ) than the value of H 0 calculated by Kim and Kim [47] . according to m-parameter evaluation. This is consistent with previous studies investigating ultra-fine grained AZ31 alloy [61] [62] [63] [64] . However, the elongation of studied samples did not reach 400%. This may be partly attributed to the size of used specimens. In this study, we used samples with relatively long gauge length of 16 mm. In this case, final strain localization-necking-is responsible for negligible elongation. On the other hand, if small samples are used (the gauge length ~ 1 mm), necking before failure provides significant additional elongation.
Superplastic behavior
At elevated temperatures, the diffusion processes are generally enhanced and contribute to the superplastic behavior. However, we found that m-parameter does not increase with the temperature and achieved elongation even slightly decreases. This unusual behavior can be attributed to recovery and recrystallization processes at elevated temperatures. Diffusion of atoms, which facilitates superplastic behavior, is enhanced by fast diffusion paths like pipe diffusion along dislocations or grain boundaries, which was found as the dominant diffusion processes in severely deformed UFG microstructure [30, 58, 65] . Note also that the activation energy of grain boundary diffusion in pure Mg (92 kJ/mol [52] ) is much lower than the activation energy of self-diffusion (135 kJ/mol [53] ). The decrease of m-parameter and the total elongation for 250°C is therefore probably caused by disappearing of fast diffusion paths due to recovery and grain growth. Limited work hardening at 250°C is also attributed to recovery processes, which occur even during static annealing at 250°C [36, 66] , and the grain growth might be even faster under dynamic conditions [67] . On the other hand, during annealing at 175 and 200°C, limited decrease of dislocation density was observed [36] . The m-parameter during deformation at 200°C remains higher than at 175°C (possibly due to simple temperature effect on diffusion).
CP Ti and Ti-6Al-7Nb alloy
Resistance evolution
The electrical resistance of CP Ti showed in Figure 1 increased approximately three times during heating up to 700°C as compared to the room temperature value. In fact, the resistivity increase with increasing temperature in CP Ti depends upon the amount of impurities (mainly oxygen).
The achieved results for CP Ti Grade 4 are in good agreement with other authors [68] . Much smaller increase of resistance (by only 10%) in Ti-6Al-7Nb alloy as compared to CP Ti confirms the well-known fact that the structural/compositional component of resistance in alloyed systems is higher by one order of magnitude than the temperature-dependent component [69] . The decrease of the resistance in Ti-6Al-7Nb alloy above 700°C is caused by increasing equilibrium amount of β-phase with increasing temperature. Note that the Ti-6Al-4V alloy containing approximately 15% of β-phase particles at 750°C and 20% of β-phase particles at 800°C exhibited the similar resistance decrease [70] . The most important result is the obvious difference in resistance evolution between UFG materials and their coarse grained counterparts. This difference is more apparent in the Ti-6Al-7Nb alloy and is probably caused by more pronounced structural effect on overall resistance than in CP Ti. In the CP Ti, the difference in resistance evolution is almost certainly caused by recovery and/or recrystallization as no structure changes occur in the investigated temperature range. We assume, however, that recrystallization and/or recovery is also responsible for the differences in resistivity evolution in Ti-6Al-7Nb. However, in this alloy, other effects including changes in β-phase particles morphology, reduced amount of phase interfaces, and also increasing equilibrium amount of β-phase at elevated temperatures are expected to affect the overall resistance.
Correlation between mechanical properties and microstructure
The CP Ti processed by ECAP exhibits nearly constant value of microhardness after annealing at temperatures lower than 450-500°C (Figure 3) . In this temperature range, the recovery of the material starts and the microhardness declines. The microhardness data are consistent with the electrical resistance measurements. Observations by scanning electron microscopy ( Figure 6 ) revealed that material recovery/recrystallization is responsible for the first bump in the first derivative of resistance and the decrease of materials microhardness.
Similarly to the CP Ti, the microhardness of the UFG Ti-6Al-7Nb alloy remains constant during heating up to 440 and 550°C. Note that both annealed and UFG samples of Ti-6Al-7Nb alloy were heat treated at 500°C for 1 hour, which is considered as a strength increasing heat treatment [71, 72] . Heating of UFG samples up to 440 and 550°C does not affect the microhardness, despite an obvious response of the electrical resistivity, which can be probably attributed to the recovery process. It is therefore assumed that an initial stage of the recovery process has only a negligible effect on the microhardness in Ti-6Al-7Nb alloy. The annealing of the sample up to 660°C leads to a slight decrease of the microhardness. The effect of heating on microhardness is much lower in Ti-6Al-7Nb alloy than in CP Ti due to solid solution strengthening and, even more importantly, due to strengthening by phase interfaces.
SEM observations of CP Ti did not reveal any microstructural changes after heating up to 440°C. It is consistent with the electrical resistance evolution and microhardness measurements and also with the results of other authors [73] . Thermally activated processes in CP Ti during annealing up to 440°C were not observed. Further annealing to 520°C caused significant recovery and possibly even the initial stage of recrystallization/grain growth. These processes are responsible for significant decrease of microhardness. Annealing up to 640°C caused complete recovery and recrystallization. Such processes were apparently detected by in-situ measurement of electrical resistance. The results proved that high sensitivity in-situ measurement of electrical resistance is capable of detecting recovery and/or recrystallization processes in temperature regions that are decisive for microstructure stability of UFG CP Ti.
The comparison of resistance measurements and SEM observations is less convincing in Ti-6Al-7Nb alloy than in CP Ti. The microstructure remains unchanged after annealing up to 440°C, which is consistent with the resistance measurements. Despite resistance evolution suggests a microstructural transformation in the condition annealed to 550°C, no obvious microstructure changes were observed. On the other hand, other authors reported recovery process (identified by X-ray diffraction) and even the beginning of recrystallization (observed by TEM) in Ti-6Al-7Nb alloy prepared by ECAP and annealed at 500°C for 1 h [33] . However, our sample heated up to 550°C at a constant rate of 5°C min −1 was in fact exposed to temperatures above 500°C only for 10 min. This relatively short time of exposure to temperatures above 500°C might be insufficient for recovery process to be observed by SEM. Partially recrystallized structure of the sample annealed up to 660°C is shown in Figure 6 (d) and is consistent with the results in Ref. [33] , in which resistance measurements and observations of the similar UFG material annealed at 600°C for 1 h are reported. Therefore, we are convinced that electrical resistance measurement captured the recovery and recrystallization processes also in Ti-6Al-7Nb, despite the beginning of the process could not be unambiguously proven by SEM observations.
Conclusion
Evolution of microstructure of ultra-fine grained magnesium alloy AZ31, CP Ti (Grade 4), and Ti-6Al-7Nb alloy prepared by equal-channel angular pressing was investigated. Several experimental techniques were employed in order to identify the processes operating during heating of the material. The following conclusions can be drawn from this study:
• Ultra-fine grained titanium and magnesium-based materials were successfully prepared by ECAP. Microstructural refinement significantly increases their microhardness.
• UFG AZ31 alloy is stable up to 170°C (0.5 T m ), while CP Ti and Ti-6Al-7Nb alloy are stable approximately to 500°C, which corresponds to 0.4 T m .
• The decrease of the microhardness upon annealing of both AZ31 alloy and CP Ti was attributed to annihilation of dislocation and subsequent grain growth.
• Recovery processes in Ti-6Al-7Nb alloy occur in the similar temperature range as in CP Ti. However, Ti-6Al-7Nb does not exhibit strong decrease of microhardness even after heating to 660°C, which is associated with solid solution strengthening of the material by phase interfaces.
• In-situ electrical resistance measurement is capable to detect recovery and/or recrystallization processes. It revealed differences in resistance evolution between ultra-fine grained and coarse grained condition of Ti-based materials. These differences correspond to microstructural changes observed by SEM and associated microhardness decrease.
• The kinetics of grain growth of AZ31 alloy was described by the Arrhenius equation and the activation energies of grain growth were determined. The values of activation energy continuously increase with increasing temperature due to changes of dominant diffusion mechanisms.
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